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Abstract 
As a result of the development of wind farms, the gas – steam blocks, which shall quickly ensure energy supply in case the wind 
velocity is too low, are introduced to the energy system. To shorten the start-up time of the gas – steam and conventional blocks, 
the structure of the basic components of the blocks are changed, e.g. by reducing the diameter of the boiler, the thickness of its 
wall is also reduced. The attempts were also made to revise the currently binding TRD 301 regulations, replacing them by the EN 
12952-3 European Standard, to reduce the allowable heating and cooling rates of thick walled boiler components. The basic 
assumption, on which the boiler regulations allowing to calculate the allowable temperature change rates of pressure components 
were based, was the quasi – steady state of the temperature field in the simple shaped component, such as a slab, cylindrical or 
spherical wall. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICCHMT2016. 
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1. Quasi – steady state theory 
The quasi – steady state occurs in structural components of boilers and turbines during a long heating or cooling 
process running at a constant rate of change of temperature. In this paper, a more detailed analysis of the quasi – 
steady state was conducted for non – weakened walls and for walls weakened by openings. The use of formulas for 
circumferential stress at the edges of the openings to determine the allowable heating and cooling rates for the 
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assumed pressure was also presented. Those formulas can be used in real life, as the analysis of the temperature and 
stress fields in the quasi – steady state can be quickly conducted with the use of the Finite Elements Method (FEM), 
even for components of a complex structure. 
 
Nomenclature 
c specific heat, J/(kg·K) 
E  modulus of elasticity, MPa 
h heat transfer coefficient, W/(m2·K) 
k  thermal conductivity, W/(m·K) 
p absolute pressure in the drum, MPa 
po  atmospheric pressure, MPa 
pn gauge pressure in the drum pn = p – po, MPa 
rin inner radius of the drum, m 
ro outer radius of the drum, m 
s drum wall thickness, m 
t  time, s 
T temperature, oC or K 
u ratio of the outer radius to the inner radius 
 
Greek symbols 
β linear thermal expansion coefficient, 1/K 
N thermal diffusivity, m2/s 
ν Poisson’s ratio 
U  density, kg/m3 
V normal stress, MPa 
I shape factor 
Z ratio of outer to inner diameter 
 
The quasi – steady state can be characterized by the following factors: 
x constant temperature difference between the selected points of the component 
x constant,  time independent, thermal stress 
Let's consider the simplifying assumption that the thermo-physical properties of the wall material: k ,c, U, E, and 
Q are constant and determined for the average temperature over time and the wall thickness. The transient heat 
transfer equation in the quasi – steady state can be then simplified to form [1, 2]  
2 TvT N     (1) 
where vT = const   is the rate of wall temperature change. The symbol 2 denotes the Laplace operator. The 
thickness of the wall is constant, and the external surface r = ro of the pressure component is thermally insulated 
0
or r
dT
dr  
    (2) 
The temperature on the internal surface r = rin rises linearly in time at a rate of QT 
in in Tr r
T T tQ      (3) 
40   Piotr Dzierwa et al. /  Procedia Engineering  157 ( 2016 )  38 – 43 
Expressing the Laplace operator in a cylindrical or spherical coordinate system leads to the specific form of the 
Eq. (1) 
1 m T
m
vd dT
r
dr drr N
§ ·  ¨ ¸© ¹    (4) 
where m = 1 for the cylindrical component and m = 2 for the spherical component. After double integration of 
the above equation and after determining the constants from the boundary conditions (2) – (3) for the cylindrical 
wall, the following expression is obtained 
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The average temperature over the wall thickness is calculated from the formula 
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Substituting Eq. (5) into Eq. (6) with m = 1 and integrating gives the average temperature Tm on the thickness of 
the cylindrical wall 
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The circumferential thermal stress Vww on the inner surface is calculated as follows 
2
1
T
ww ww
v sEEV IQ N     (8) 
The circumferential thermal stress on the outer surface is calculated from the similar formula 
2
1
T
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where the so-called shape factors for the internal surface Iww and the external surface Iwz are given by the 
formulas 
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Similarly, the average temperature over the thickness of the sphere can be derived from Eq. (6). The shape factors 
for a sphere: Ikw for the inner surface and Ikz for the external surface, are given by 
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The absolute values of the shape factors for the spherical wall Ikw and Ikz are smaller than the appropriate values 
of the shape factors for the cylindrical wall Iww or Iwz. 
For the same rate of temperature changes, the thermal stresses in the spherical walls will be greater than the 
thermal stresses in the cylindrical walls. Heating or cooling of the components without opening is conducted in a 
way, which will assure that the circumferential thermal stress on the inner surface equals the allowable stress. 
ww aV V    (14) 
Substituting Eq. (8) into Eq. (14) gives  
2
1
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After transformation of Eq. (15), the expressions for the heating or cooling rate of the thick walled, cylindrical or 
spherical boiler components are obtained 
x cylindrical wall 
2
1
a
T
ww
v
E
s
V N
EI Q
 

   (16) 
x spherical wall 
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The temperature change rate is positive during the heating process and negative during the cooling process. The 
wall temperature depends on the fluid temperature, but the temperature difference between the selected points in the 
components is constant and independent of time and the value of the fluid temperature. 
2. Components with non - uniform circumferential temperature distribution 
There is an uneven temperature distribution on the drum circumference due to the presence of the water and 
steam zone. During start-up of the boiler, steam condenses on the inner surface of the drum in the steam zone. 
During the steam condensation, the upper part of the drum is heated very quickly because the heat transfer 
coefficient at the time of condensation is very high. The bottom of the drum, occupied by the water, the coefficient 
of heat transfer from the water to the inner surface of the drum is low, and the heating of the lower part of the drum 
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occurs much more slowly. Heating at different rates of the upper and lower portions of the drum results in a 
temperature difference between the top and bottom of the drum. It should be pointed that the temperature of the 
upper part of the drum is higher than the temperature of the lower part. A similar phenomenon can be observed in 
the horizontal sections of the pipeline and superheater headers. At the beginning of the start-up of the boiler pipes 
are cold and water vapor condenses on the walls of the pipes. At the bottom of the horizontal piping and other 
pressure components of the boiler water accumulates at the bottom, especially when the drainages of the elements 
are not functioning properly. Such a case occurs when the horizontal pipelines and superheater headers are 
plastically deformed. In a later stage of the boiler start-up superheated steam flows through the upper part of the 
pipeline while at the bottom of the pipeline is saturated water. This is the reason for the occurrence of very large 
temperature differences on the circumference of the pipe, which reach up to about 200K. For this reason, permanent 
deformation of pipes and headers often occur, which in turn makes that the draining horizontal elements are not 
working properly. The stresses caused by temperature non-uniformity on the circumference of the pipe may be 
higher than the stress caused by temperature difference across the thickness of the pipeline. In the current European 
Standard EN 12952-3, thermal stresses caused by the temperature difference on the circumference of the cylindrical 
element are not at all taken into account [3, 4]. In this paper, an analysis of the heating of horizontal thick walled 
components will be carried out taking into account the different values of heat transfer coefficients in the water and 
steam zone. Calculations are performed assuming that the temperature of the fluid increases linearly with time so 
that after some time forms a quasi-steady state temperature field. This paper examines thermal and strength loads of 
the drum of the steam boiler OP-210M during startup (Fig. 1a). Figure 1b illustrates the time changes of the water 
level. The following geometrical dimensions of the boiler drum: ro = 0.85 m, rin = 0.76 m and of the downcomer: rod 
= 0.045 m, rind = 0.039 m and physical properties of the boiler material: k = 42 W/(m.K), c = 538.5 J/(kg.K), U = 
7800 kg/m3, E = 1.96.1011 N/m2, β = 1.32.10-5 1/K and Q = 0.3 were assumed for the calculations. 
 
  
Fig. 1. (a) Section of the boiler drum – downcomer junction and mesh of finite elements, (b) time variations in the level of water in the drum of 
OP-210M boiler during the start-up. 
The water level in the drum is situated 10 cm below the horizontal plane passing through the axis of the drum is 
taken as the zero level. The water temperature in the evaporator increases resulting in an increase in the specific 
volume of the water and rising water level in the drum. After about 12000 seconds, the excess water is discharged 
from the drum and the water level is lowered to a level close to zero. The current boiler standards do not take into 
account the boiler stresses due to temperature difference on the perimeter of the horizontal elements. Only quasi-
stationary thermal stresses caused by the temperature difference across the wall thickness are considered.  
Assuming the existence of quasi-stationary temperature field in the pressure element, the temperature difference 
on the component circumference caused by different heat transfer coefficients on the inner surface will be taken into 
account. It should be noted that the heat transfer coefficient in the water area is greater than 1000 W/(m2.K). 
Changes in the circumferential stress and equivalent at points P1 and P2 (Fig. 1a) as a function of heating rate are 
shown in the Figure 2. In Figure 2a, the gauge pressure in the drum is p = 0, while in Figure 2b the pressure is equal 
to the design value of 10.87 MPa. It should be emphasized that during the start-up of the boiler heat transfer 
coefficient in the water zone is less than in the steam zone. In such cases, a maximum allowable heating rate is 
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determined by the stresses at the point P1. For a typical case that occurs in practice, when hw = 1000 W/(m2.K) and hs 
= 3000 W/(m2.K), the permissible heating rate at the beginning of the boiler start-up when p = 0 is approximately of 
3 K / min.  
 
  
Fig. 2. Circumferential stress and equivalent stress at the edge of the downcomer opening at points P1 and P2 for hw = 1000 W/(m2.K) and hs = 
3000 W/(m2.K); (a) drum gauge pressure p = 0 MPa, (b) drum gauge pressure p = 10.87 MPa; 1 – circumferential stress at point P1, 2 – equivalent 
stress at point P1, 3 circumferential stress at point P2, 4 – equivalent stress at point P2, 5 – allowable circumferential stress, 6 – allowable 
equivalent stress. 
Currently, the permissible rate of the drum heating recommended by boiler manufacturers is about 1 K/min. 
Allowable heating rate equal 3K/min (Figure 2a) resulting from the FEM analysis is significantly higher than the 
value prescribed by the boiler manufacturers. The start-up of the boiler can thus be shortened three times. 
3. Conclusions 
Summarizing the obtained results, it should be noted that the assumption of quasi – steady temperature field 
significantly simplifies the determination of the allowable rates of fluid temperature changes during the heating and 
cooling of boiler thick walled components. The thermal stress concentration coefficients can be quickly determined 
with the use of the Finite Element Method (FEM), also for components of very complex shapes. For flat, cylindrical 
and spherical walls, in which the temperature distribution is one dimensional, the thermal stress concentration 
coefficient does not depend on the value of the heat transfer coefficient. It has also been analyzed quasi-steady state 
temperature field and stress in the  drum – downcomer junction considering the different heat transfer coefficients in 
the water and steam space. Graphs presented in the chapter allow to determine heating rate limits at the beginning of 
the boiler start-up when the pressure is equal to 0 and at the end of starting when the pressure is equal to the nominal 
pressure. Permissible drum heating rates, assuming both circularly symmetric and asymmetric circular cross-section 
temperature field in the drum obtained by the proposed method are several times higher than the limit values 
recommended by the manufacturers of boilers. 
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